This in vitro study evaluated the effects of simplified ethanol-wet bonding technique on dentin bonding durability of two etchand-rinse adhesives to bovine dentin. Sixteen freshly extracted bovine incisors were divided into four groups according to bonding technique (water-wet or ethanol-wet bonding) and adhesive (Single Bond 2 or Prime & Bond NT). After etching and rinsing, dentin surfaces were left either water-moist or immersed in ethanol. Following adhesive application and composite build-up, bonded teeth were sectioned into sticks for microtensile bond strength (µTBS) testing conducted after 24-h and 12-month water storage. There were no significant differences in bond strength among the groups at 24 h. At 12 months, the bond strengths of adhesives to dentin were significantly decreased (p<0.05). Simplified ethanol-wet bonding did not improve the resin-dentin bonding durability of tested etch-and-rinse adhesives.
INTRODUCTION
Despite significant technological advances that have improved the bonding reliability at resin-dentin interface 1) , in vitro and in vivo studies continued to reveal degradation of resin-dentin interfaces and reduction in bond strength over time 2, 3) . Although recent long-term clinical trials of adhesive resin systems in non-carious cervical lesions demonstrated favorable clinical performance 4, 5) , degradation of resin-dentin interfaces remains a hindrance to more durable and clinically acceptable restorations 2) . Bond degradation at resin-dentin interfaces was speculated to be due to water sorption 6) , hydrolysis of ester linkages of methacrylate resins 7) , and activation of endogenous dentin matrix metalloproteinases (MMPs) 8) . To preserve the intact hybrid layers, strategies to counter the diverse mechanisms of degradation include ethanol-wet bonding [9] [10] [11] [12] and the use of chlorhexidine 13, 14) . The anti-degradation efficacy of ethanol-wet bonding technique hinges on two primary mechanisms. On the one hand, this technique reduces water sorption by coaxing more hydrophobic resins to be deployed for dentin bonding 12) . On the other hand, this technique inhibits MMP activity with improved encapsulation of demineralized collagen fibrils by adhesive resin, by virtue of water being replaced from interfibrillar and intrafibrillar spaces by ethanol 10, 11) . Adhesive resin monomers, which are more soluble in ethanol than in water, can better penetrate demineralized dentin matrices that are saturated with ethanol than with water. Therefore, the quality of resultant hybrid layer is expected to improve with improved resin encapsulation of demineralized collagen fibrils 10) . By the process of ethanol dehydration in ethanol-wet bonding technique, a hydrophilic dentin matrix can be rendered more hydrophobic because water is replaced by ethanol. Therefore, this process is crucial to deploy more hydrophobic resins for dentin bonding so as to reduce water sorption over time. Nonetheless, hydrophilic adhesive resins can be used in conjunction with ethanolwet bonding technique to enhance resin encapsulation of collagen fibrils. Most hydrophilic adhesive resins are ethanol-soluble monomers that can encapsulate and protect fibrils against MMPs 10) . Recent in vitro water storage aging studies showed that the ethanol-wet bonding technique successfully improved the durability of resin-dentin bonds with experimental, relatively hydrophobic adhesive resins 9, 11, 12) . To date, however, no commercial hydrophobic adhesive resin systems were specially developed for use with ethanol-wet bonding technique. It would be profitable, therefore, if ethanol-wet bonding could improve the bonding durability at resin-dentin interfaces when used with the current simplified etchand-rinse adhesives, which are more hydrophilic in nature. In a recent review on state-of-the-art etchand-rinse adhesives, it was shown that ethanol-wet bonding increased resin-dentin bonding durability 10) . Nonetheless, knowledge remained scarce on the effects of ethanol-wet bonding on the bonding durability of current etch-and-rinse adhesives.
The aim of the present study was to compare the 24-h and 12-month microtensile bond strengths (µTBSs) of two current etch-and-rinse adhesives to dentin using ethanol-wet bonding. The null hypothesis was that simplified ethanol-wet bonding would preserve the bonding stability of two etch-and-rinse adhesives to bovine dentin after 1 year of water storage.
MATERIALS AND METHODS

Tooth sample preparation
Sixteen bovine incisors, which were collected from bovines that were at least 2 years old, were used in this study. Teeth were stored in 0.02% sodium azide solution at 4°C for a maximum of 6 months prior to usage. Soft tissue around teeth was removed using a scalpel, and roots were removed using a low-speed diamond disc under water. Crowns were embedded in self-cure acrylic blocks using double-sided adhesive band. Enamel surfaces were ground using 320-grit silicon carbide papers to obtain flattened surfaces. Box-shaped cavities were prepared on exposed enamel surfaces using a coarse diamond bur (Microdont, Sao Paulo, Brazil) with a high-speed turbine. Prepared samples were randomly divided into four groups (n=4) according to adhesive and bonding technique as follows: 
Bonding procedures
In water-wet bonding groups (Groups 1 and 2), each of the two adhesives was applied to water-saturated, visibly moist, acid-etched dentin according to manufacturers' instructions (Table 1) . In Group 1, Single Bond 2 was applied using a cotton applicator with a rubbing action for 30 s. In Group 2, Prime & Bond NT was applied using a cotton applicator and left for 20 s on the surface without any rubbing action. Following air-thinning, adhesives were light-cured for 10 s using a LED curing unit that had a light intensity of 1,200 mW/cm 2 (Elipar S10, 3M ESPE, St. Paul, MN, USA).
In ethanol-wet bonding groups (Groups 3 and 4), simplified ethanol-wet bonding technique was used 9) . Using an needle, acid-etched dentin surfaces were saturated with absolute ethanol for 1 min. Surfaces were kept visibly wet with ethanol during this time and prior to adhesive resin application. The remaining steps of the bonding procedure were as per the water-wet bonding groups.
Following adhesive application, resin composite (Valux Plus, 3M ESPE) was incrementally built up on the surfaces in three layers up to a height of 4 mm. Each increment layer was cured for 20 s using a LED curing unit that had a light intensity of 1,200 mW/cm 2 (Elipar S10, 3M ESPE).
Microtensile bond strength (µTBS) test
All bonded specimens were stored in tap water at 37°C for 24 h before µTBS test. Resin-dentin specimens of approximately 0.7×0.7 mm 2 dimensions were obtained for µTBS test using a diamond saw (Micracut 125, Metkon, Bursa, Turkey) at 300 rpm under copious water. Thinner specimens were obtained for this study to accelerate the aging effect of water storage. It was assumed that the adverse effects of water on resindentin bond strength stemmed from the diffusion of water into resin-dentin interfaces 15) . µTBS sticks obtained from each tooth of all groups were randomly divided into two similarly sized subgroups. One subgroup was used for 24-h bond strength testing. The remaining sticks were stored in distilled water for a 12-month storage period before the second µTBS test. Storage medium did not include any antimicrobial agent, and neither was the storage medium changed to maintain the mechanical properties of dentin. Frequent changing of storage solutions would cause significant dentin mineral loss, thus decreasing the mechanical properties of dentin substrates 16) . After µTBS specimens were fixed to a jig using cyanoacrylate glue (Pattex, Henkel, Duesseldorf, Germany), they were stressed in tension until failure at a crosshead speed of 1 mm/min using Bisco microtensile testing machine. µTBS was derived by dividing the applied force at the time of fracture by the bonded area (mm 2 ). Modes of failure at resin-dentin bonded interfaces were determined using a stereo microscope at ×40 magnification (Meade Bresser Biolux, Meade Bresser, Rhede, Germany). They were recorded as: Adhesive failure (failure at resin-dentin interface), Cohesive failure (failure entirely within dentin substrate or resin composite), or Mixed failure (failure at resindentin interface including cohesive failure of one of the substrates).
Scanning electron microscopic observation
Three fractured specimens which presented adhesive or mixed failure were randomly selected from each group. Each selected specimen was fixed in 10% neutral buffered formalin for 48 h. After drying at room temperature for 24 h 17) , specimens were sputtercoated with gold. Dentin surfaces of fracture sites were observed under a scanning electron microscope (SEM; JEOL 6400, JEOL, Tokyo, Japan) with different magnifications (×85-2,500).
Statistical analysis
Two-way analysis of variance (ANOVA) with Tukey's HSD test were performed to determine the effects of independent variables (adhesive resin and storage period) on dependent variable (µTBS) per wet bonding technique. After performing two-way ANOVA, one-way ANOVA and/or pairwise comparisons were performed. Statistical significance was set in advance at p=0.05.
RESULTS
Microtensile bond strength
At the 24-h testing period, simplified ethanol-wet bonding technique did not affect the resin-dentin bond strength of all the adhesives tested (p>0.05) (Fig. 1) . After 12-month water storage, the bond strengths of both simplified ethanol-wet bonding and control groups of all the adhesives tested were significantly reduced (p<0.05) (Fig. 1) . Storage in distilled water reduced the bond strength of control groups by 44.32% and 56.94% for Single Bond and Prime & Bond NT respectively. For the simplified ethanol-wet bonding groups, reductions were 43.04% and 39.95% for Single Bond 2 and Prime & Bond NT respectively. At the 12-month testing period, simplified ethanol-wet bonding technique did not improve the stability of resin-dentin bonds of all the adhesives tested (p>0.05) (Fig. 1) .
Failure mode distribution
Adhesive failure was higher in Group 1 (Single Bond 2 with water-wet bonding) than the other groups at 24-h testing period; at 12-month testing period, similar adhesive failure rates were seen among all the groups (Table 2) . Reduction in mixed failure rate and increase in adhesive failure rate were due to storage time, not because of wet bonding technique. Figures 2-4 show the representative SEM micrographs of resin-dentin interfaces of both water-wet and ethanol-wet bonding groups. For all specimens which were fractured after 24-h water storage, intertubular dentin seemed to be completely covered by adhesive and neither funnel-shaped nor lateral dentinal tubules were observed. For specimens which were fractured after 12-month water storage, porosity increased within intertubular dentin and funnel-shaped or exposed lateral dentinal tubules existed independently of adhesive agent or wet bonding technique. Higher magnification (×3,500) of the area indicated by 'X' in (C), which shows increased porosity in intertubuler dentin and exposed lateral dentinal tubules (white arrows). , which shows increased porosity in intertubular dentin (black arrow) and exposed lateral dentinal tubules (white arrow). Openings of funnel-shaped dentinal tubules are also evident.
SEM micrographs
DISCUSSION
Results of the present study did not support the null hypothesis, which stated that simplified ethanol-wet bonding would preserve the bonding stability of current etch-and-rinse adhesives to bovine dentin after 1 year of water storage. When Single Bond 2 and Prime & Bond NT were bonded to acid-etched dentin with simplified ethanol-wet bonding technique, significant reductions were seen in their mean 24-h and 1-year bond strengths. Therefore, the null hypothesis was rejected. Unlike resin-enamel interfaces, degradation at resin-dentin interfaces occurs via the hydrolytic degradation of exposed collagen fibrils. In the presence of water, the latter occurs due to activation of endogenous MMPs and the hydrolysis of hydrophilic adhesive resins. Due to hydrolysis of the resin, elution of resin from hybrid layer over time increases the area of exposed collagen fibrils -which are susceptible to degradation by activated MMPs. Consequently, different degradation mechanisms may act synergistically to destroy the hybrid layer 18) . In previous studies on the durability of resindentin interfaces, Kato and Nakabayashi provided SEM findings in 1998 to show that the bond strength of etchand-rinse adhesive reduced over time because of the degradation of non-resin-impregnated, demineralized dentin zone 19) . In 1999, Sano et al. revealed through an in vivo study that bond degradation of resin-dentin interfaces prepared with self-etch primers occurred because of the hydrolysis of resin within the hybrid layer rather than due to degradation of exposed collagen fibrils 17) . By SEM observation of the fracture surfaces of specimens aged in vivo, increased porosity was observed at the top of hybrid layer because of resin elution from between the collagen fibrils 17) . However, Hashimoto et al. confirmed the notion that collagen fibrils which were not well encapsulated with adhesive resin were susceptible to hydrolytic degradation in vivo 20) . Openings of lateral dentinal tubules were present on the fracture surfaces of 1-yearold specimens, which were not seen in the 24-h control group 20) . In another study, Pashley et al. revealed that in the absence of bacterial enzymes, host-derived MMPs within the dentin matrix could degrade exposed collagen fibrils within the hybrid layer 8) . In light of the µTBS results and SEM micrographs obtained in the present study, simplified version of the ethanol-wet bonding technique did not improve the bond durability of the tested adhesives' resin-dentin interfaces. One-year water storage resulted in significant bond strength reduction of both simplified ethanol-wet bonding and control groups irrespective of adhesive type. For the control groups, mean bond strengths were reduced by 44.32% and 56.94% for Single Bond and Prime & Bond NT respectively. For the simplified ethanol-wet bonding groups, reductions were 43.04% and 39.95% for Single Bond 2 and Prime & Bond NT respectively. At 24 h, SEM micrographs of all the groups revealed that intertubular dentin within the hybrid layer was well impregnated with adhesive resin (Fig.  2) . After 1-year water storage, porosity increased within the intertubular dentin for all groups and the presence of exposed lateral dentinal tubule openings indicated the degradation of hybrid layers (Figs. 3 and 4) .
Several explanations could be offered for these findings. The cardinal step in ethanol-wet bonding is the chemical dehydration of water-saturated acid-etched dentin with a series of increasing ethanol concentrations (50, 70, 80, 95, and 100% three times at 30 s each), which culminates in an effect similar to epoxy resin tissue embedding used in transmission electron microscopy (TEM) 21) . TEM showed that interfibrillar spaces remained open and served as diffusion pathways for resin infiltration 22) , thus improving resin encapsulation of exposed collagen fibrils and protecting them from degradation by MMPs and the plasticization effect of water 10) . While the simplified version of ethanol-wet bonding technique is certainly a more clinically relevant protocol, water-saturated acid-etched dentin surfaces were saturated with absolute ethanol for 60 s only -unlike the full chemical dehydration protocol which mimics epoxy resin tissue embedding 12, 21) . In a study by Gregoire et al., they claimed that treating acid-etched dentin with absolute ethanol twice for 10 s could leave water strongly bound to collagen molecules while excess water was replaced by ethanol prior to adhesive application 23) . However, pulpal pressure was not simulated in their study 23) . Osorio et al. showed that simplified ethanol application (100% ethanol for 60 s) caused collagen fibrils to collapse because of evaporation of water or absolute ethanol 24) . Therefore, simplified ethanol-wet bonding could not prevent collapse of collagen fibrils, and that residual water might cause exposure of collagen fibrils due to collapse of dentin matrices, phase separation of diffused resins 22) , and reduced polymerization rates of infiltrated adhesive resins 25) . On the other hand, alongside trapped water, ethanol which is used as the solvent prior to adhesive resin/ primer application may not completely evaporate after resin infiltration -within the clinically acceptable solvent evaporation periods. This phenomenon resembles the residual solvent problem which commonly plagues solvated adhesive resin systems 26) . Therefore, the limited dehydration ability of simplified ethanol-wet bonding technique, coupled with the presence of residual ethanol trapped within the hybrid layer prior to light-curing of adhesive resin, caused incomplete resin infiltration into exposed collagen matrices. Consequently, collagen fibrils were not encapsulated with resin, rendering them susceptible to MMP degradation at the bottom of the hybrid layer over time.
Another possible explanation for the reduced bond strength in this study was the high hydrophilicity of commercial etch-and-rinse adhesives, which were developed to be used with water-wet bonding technique 27) . As manufacturers did not disclose the exact composition of their adhesive systems, the exact concentrations of hydrophilic monomers -such as HEMA in Single Bond 2, PENTA and D-resin in Prime & Bond NT 28) -were not known. Available information was that Single Bond 2 contained 15-5 wt% HEMA and 5 wt% water, and Prime & Bond NT contained 10% PENTA and an unknown amount of D-resin according to the material safety data sheets of the respective manufacturers.
In general, resin hydrophilicity is inversely related to the mechanical properties of resultant polymers due to hydrolysis and plasticization over time. For this reason, this property is not one expected to preserve the dentin bonding durability of commercial hydrophilic etch-and-rinse adhesives and experimental hydrophilic resin blends 27) . Hosaka et al. tested the dentin bond durability of different increasingly hydrophilic experimental resin blends which were bonded to acidetched dentin saturated with water or ethanol. Although most resin-dentin bonds of water-saturated dentin did not change over time, those of ethanol-saturated dentin presented higher bond strengths and none showed significant reductions over time 9) . In another study, Sadek et al. 12) assessed the bond durability of a commercial etch-and-rinse adhesive which was deemed relatively hydrophilic when compared with solvated Bis-GMA-TEDGMA resin blend: the former adhesive's primer contained HEMA, polyalkenoic acid copolymer, and water. The resin-dentin bond strength of commercial hydrophilic adhesive with water-wet dentin was significantly reduced after 1-year water storage, whereas that of experimental hydrophobic adhesive with ethanol-wet bonding was preserved after 1-year storage 12) . Although information is scarce about the effects of simplified ethanol-wet bonding on the resindentin bonding durability of relatively hydrophilic experimental and/or commercial adhesive resins, results of the present study seemed to contradict some of the published findings 29) . These differences probably arose from differences in the study designs and artificial aging strategies used. Li et al. assessed the effects of simplified ethanol-wet bonding technique on the bond durability of commercial etch-and-rinse adhesives, including Single Bond 2 and Prime & Bond NT, after immersion in 10% NaOCl 29) . Although NaOCl challenge significantly reduced the bond strength of tested adhesives irrespective of wet bonding technique, significant differences were found between water-wet and ethanol-wet bonding groups of each adhesive after NaOCl immersion. Thus, they concluded that simplified ethanol-wet bonding technique improved the bonding efficacy of tested etch-and-rinse adhesives.
NaOCl immersion is responsible for only one aspect of the degradation process -namely, the chemical degradation of exposed collagen fibrils. It has no significant effect on the degradation process of resin components, which is more critically affected by water uptake 30) . Therefore, these factors and considerations were probably not taken into account in the study by Li et al. 29) : effects of water uptake and dissolution of infiltrated resin into the hydrid layer, due to increased hydrophilicity of commercial adhesives, on bond durability of hybrid layer created by simplified ethanolwet bonding.
When comparing the reduction rates in bond strength between the ethanol-wet bonding groups and control groups after 1-year water storage (Fig. 1) , it was speculated that the different chemical compositions of the tested adhesives accounted for the different reduction rates. Single Bond 2 contained water, which then reduced the anti-degradation effects of ethanol-wet bonding. Prime & Bond NT did not contain any water and used only acetone as the solvent. This explained its diminished loss in bond strength with simplified ethanolwet bonding, although the reduction in bond strength was statistically significant (Fig. 1) .
